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@ Whispering mode micro-resonator. 

(G\ Device for electromagnetic emission depends 
® on tot? internal reflection - on whispering gai- 
fery rn^e Citation about the periphery of a 
Sc-shaped element of sub-wavelength , thick- 
n£s Operating above lasing threshold the 
oesian te alternative to that of the Surface 
Sina Laser for integration in integrated c«r- 
12! - eTttfer all-optic or electro-optic. Operat- 
Sr^Tbelow threshold, it may serve as a Ught 
Emitting Diode. 
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PiTlnE^" " f the ' nvention 
Technical Field 

A micro-resonator structure depends upon cavi- 
tation of whispering mode energy ^rdable as de- 
fying cavitation about the perimeter of a sub-wave- 
engTh thick active region of various conf.gurat.ons. 
Ope at ng in the Iasing mode, it offers an alternate 
to the Surface Emitting Laser for incorporate m in- 
tegrated circuitry - either all-optic or electro-opbc. 

Descriptio n of the Prior Art 

Worldwide activity is consistent with the consen- 
sus that the SEL offers promise of satisfaction of the 
iongstanding desire for large-scale incorporation of 
active photonic devices in integrated crcurts. Hope is 
based on the very low Iasing threshold values wh.ch 
intrinsically reduce heating, usually l>r heating losses 
atnda" on pumping considered centra, to frustra- 
tion of this desire. 

Development of the SEL has entailed a number 
of design advances. Use of bulk active material has, 
to signtficant extent, yielded to quantum well struc- 
tures 9 - including the ultimate single quanturr .we 
structure. Process variations have involved deposi- 
tton techniques with a view both to compositional uni- 
formity and dimensional regularity. An area of cons d- 
eraWe consequence has involved the sandw.ch.ng 
Distributed Bragg Reflector mirrors. Sported oper- 
ating device's dependably achieve reflectivities of 
99*% as yielded by « 20-40 pair DBRs for 0.8-1 .1 urn 

eration - definition of the laser cav.ty .n terms of DBRs 
- has been of primary consequence in evolution of t he 
SEL Achievement of excellent reported ref lect.v,t.es 
IS ascribed to satisfaction of very tight fabr.cat.on tol- 

eran r?n S ihe other side of the ledger, achievement of 
each new SEL design has depended critically on the 
DBR to in turn, result in considerable expense as well 
as some undesirable operational consequence. 
DBRs as the name connotes, is distributed - signrf ,- 
cantly increases modal volume beyond that of the re- 
sponsible active region. In the instance of a Sjng»e 
Quantum Well structure designed for operabon at 1 .3 
?m may result in effective increase by 20x as s,mp.y 
due to the need for embracing 20-pair mirrors. 



Summary o f the Invention 

A design approach alternative to the SEL de- 
pends upon cavitation of energy in the form of "whis- 
pering gallery modes" as supported within a th.n ele- 
ment an active materia, element of thickness char- 
a^eristL.yofama X imumofahaKwave.ength(w.th 
the wavelength value as measured in bulk matenal) 



over some substantial portion of the functioning ele- 
ment Cavitating energy is generally largely conf .ned 
to a peripheral portion of the element which latter may 
be of a variety of configurations, generally of mini- 
5 mum dimension of the order of microns to accommo- 
date integration size desire. 

An important category of devices in accordance 
with the invention, provides for attainment of Iasing 
threshold. The generic concept of the whispering 
,o mode micro-resonator is usefully applied as well to 
structures which designedly, or through operation, do 
not reach threshold. Resulting Light Emitting Diodes 
may serve many of the purposes of lasers with ad- 
vantages in practical terms of e.g. yield, power re- 
ts quirements, etc. One contemplated use is as a switch- 
ed element, in which functioning depends simply 
upon presence or absence of output, and not on co- 

her< Design variations with attention to critical dimen- 
20 sions and other parameters are discussed under "De- 
tailed Description". In general terms, operation de- 
pends upon cavitation as involving three or more re- 
flecting positions (as distinguished from usual two- 
mirror cavities). Requirements "total internal ref lec- 
26 tion" in usual contemplated devices - devices of rm- 
cron/s dimensions - for usually/practically ava.lable 
index contrast generally results in polygonal cavrty 
path of four or more sides. 

It is believed that the invention meets a need for 
30 replacement of purely electronic IC circuitry. It offers 
low power consumption for constituent devices .n 
photonic as well as optoelectronic circuits. In-plane as 
well as out-of-plane. light generation, in devices of mi- 
cron size dimensions, permits the many inherent ad- 
35 vantages of optical circuitry consistent with size and 
economic requirements. 

Brief Description of the Drawing 

40 FIG. 1 is a perspective view of the prototypical 

disk-shaped structure, usefully employed for tutorial 
purposes, and also of practical significance. 

FIG 2 is a diagrammatic view of a quadrant of a 
round disk structure in accordance with FIG 1 wrth 
45 representation of internal and penetrating f .eld l.nes 
for one particular mode of operation . 

FIGS. 3 through 6 are representations of some of 
the structures alternative to a simple planar disk: 
FIG. 3 is a perspective view of an octagonal structure, 
so FIG. 4 is a perspective view of a disk structure .n 
which the peripheral region, within which whispenng 
gallery mode energy is propagated, encloses a rela- 
tively thin membrane, a membrane of mechanical or 
performance consequence. 
55 FIG 5 is a perspective view, partly in cross-sectwn. 
of a donut-shaped cavity again including a mem- 
brane, of performance characteristics related to 
those of FIG. 4 and 
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FIG 6 is a perspective view, partly in cross-section, 
of a structure alternative to that of FIGS. 4 and 5 ,n 
which modal action is within a peripheral path now of 

tria ^7t perspective view of a representative 
structure - of a structure used in some of the exam- 
pi., herein - in which t he disk-shaped element ,s sup- 
ported upon a pedestal, e.g. as shaped by etching of 
t h e growt h su bstrate . 

PIG 8 is a perspective view of a structure provid- 
ing for out-of-plane emission as resulting from group- 
ed notches imposed in the peripheral mode path. 

FIG. 9, again a perspective view, illustrates cou- 
pling-extraction of in-plane emission. 

FIGS 10 and 11 are perspective v.ews depicting 
two device arrangements providing for electncal 

RG.To 9 for electrodes straddling the active element 

FIG. 11 for spaced electrodes on a single element sur- 



Detailed Description 



Def inition of Terms 

While term meaning and context will be familiar 
to experts in the field, likelihood of study by those of 
lesser expertise as well as on-going development jus- 
tify this section. 

Disk - this is the active region, or active region-con- 
taining portion of the structure responsible for elec- 
tromagnetic emission, always of some degree of co- 
herence. While for tutorial purposes this term is gen- 
erally considered as of circular configuration as de- 
fined between parallel surfaces of unvarying spacing, 
the term is intended to have a more generic meaning 
in the generic sense, "disk" defines structures of bu 
a single characteristic - those in which preponderant 
cavitating energy is largely within region/s in which a 
dimension (usually the "thickness" dimension) per- 
pendicular to cavitation direction is but a fraction of a 
wavelength. This fraction, ordinarily £ 0.5 X and in a 
Category of preferred structures = 0.25 X, is based on 
wavelength measurement within the structure - tak- 
Z into account both bulk refractive index and varia- 
tions introduced by small structural dimensions. The 
subscript, eff. has reference to effective value so that 
neff is a measure of the refractive index taking both 
factors into account . 
Mode - in terms of device design it is not grossly in- 
accurate to regard preferred structures as being gen- 
erally of single-mode operation. While this is strictly 
Kue only fo" varying thickness device. , - ^wrth h.ck- 
neS s varying radially - such as that of FIG. 4 ,t con- 
tinues to be approximately true for other contemplat- 
ed structures. In detailed terms, there is many-mode 
operation for many structures. Mode multiplication 



takes the form of radially dependent modes. N. as 
well as of varying peripheral modes. M or alternative- 
ly Mi As described elsewhere. Mi defines the num-. 
ber of sides in the polygonal path of cavitating em.s- 
5 sion energy. The more general mode number M. de- 
fines the number of undulations in the mode path 
without reference to the number of polygonal path 
sides. (An undulation is considered as corresponding 
with a full sinusoidal wave.) 
io Modal path - this contemplates the description imme- 
diately above. Polygonal sides in many circumstanc- 
es consist of a single full wave (so that M = M,). Op- 
erating structures, however, may depend upon modal 
paths in which M = M 1 - in which there are multiple full 
, 5 waves, or under certain circumstances, but a half 
wave per side. 

Penetrating field - fields which penetrate from the ac- 
tive region into the surrounding medium. These are 
the fields which offer both facility for coupling into 
20 other elements of the circuit (either through perfect 
structure or through discontinuity - e.g., the grooved 
surface of FIG. 8) but at the same time are suscept- 
ible to unintended coupling to result in possible loss. 
Whispering gallery mode/whispering mode - this ter- 
25 minology, familiar to those concerned with internally 
reflecting spherical as well as cylindrical structures, 
defines the form of cavitation responsible - usually in 
whole responsible - for operation of devices of the in- 
vention. Described in somewhat greater detail further 
30 on the operation depends upon internal ref lect.on as 
resulting from incidence of cavitating energy on a per- 
ipheral structure at an angle S the "critical angle . 
Quantum well - it is generally understood this term re- 
fers to deviation from the hypothetical sphere defin- 
35 ing the effective region of an exciton - within an ef- 
fectively limitless medium of constant refractive in- 
dex. For purposes of this description - for purposes 
meaningful in terms of device design - the critical di- 
mension of a quantum well must be at least 10 A 
40 shorter than the diameter of such hypothetical 
sphere. 



General 

The inventive class of micro-resonator structures 
present a large index contrast - a large change in re- 
fractive index for optical energy of wavelengths of op- 
erational consequence - as between a functional, opt- 
ically thin semiconductor layer (the "active" region) 
and relatively low index surrounding medium. Struc- 
tures depend upon mode cavitation similar to whis- 
pering gallery modes as described, for example, by 
Lord Rayleigh, "The Problem of the Whispering Gal- 
lery", Sci entif ic Papers , Cambridge University, Cam- 
bridge: England, vol. 5. pp. 617-620 ( 1912) and T. 
Krauss, et al. Electronics Letters , vol. 26, p. 2097 
(1990) Dependence upon critical angle internal re- 
flection results in high reflectivity without the bulk and 
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increase in modal volume associated with DBR mir- 
rors Fundamental requirements^ -total" interna, re- 
flection are well known and are not d.scussed ,n de- 
taT n general, the phenomenon as well as the pre- 
cise angle value are set forth in texts. Basically the 
requirement that the wavevector components parallel 
o the interface must be equal across the boundary 
of required index contrast results in total internal re- 
flection for incident angles larger than sin-' (1/rVr,). 
Nation is invariably in the direction of other losses 
which while generally of little consequence. dictate 
Tesser angle values to the extent feasible. Generally. 
it is found that such loss, as critical angle is approach- 
ed, is characteristically at a value of perhaps 0.1%^ 
na ticular configuration providing for an octagonal 
cavilation path within a smooth circular disk results ,n 
loss of approximately one part in 10*. 

Microstores of the invent.on, wh.le usefully 
employed as discrete devices, are of primary interest 
for their value in integrated circuitry. In particular, op- 
erating as lasers, permitted low power opera .or , sat- 
fsfies desire for low threshold consistent w.th small 
heat loss. Contribution to this operating desire .s ad- 
vanced by permitted effective matching between 
smTgain volume and single optica, mode - generally 
the f in3t TE mode. Optical gain for disk modes ,s pro- 
vided by one or more optically pumped quantum wells 
in the pLe of the disk. Generally, active region hick- 
ness - for single quantum well structures, disk truck- 



n =35 Structures are desirably characterized by 
nSh'index contrast as between the disk and the sur- 
rounding medium, in particular, as concerns the disk 
reqion of greatest modal energy concentrate. This 
congest is generally defined as between actrve . ma- 
terial - in accordance with usual structures defined as 
ncluding actfce layer/s together with encompassing 
spter/barrier layers. Surrounding media for struc- 
tures described may be space - e.g.. vacuum or air - 
or some, likely passive, low index med,um such as 
amorphous silica. Si0 2 . The illustrative values se 
forth translate into an index contrast (or index ratio) 
n^n, where n 0 equals index of the surrounding me- 
Xm! index contrast of this order of magnrtude or 
oreater is attainable for likely operating wavelengths 
wNch are less than 1 .Sum. Other considerauonshav- 
Tng to do e.g.. with ease of fabrication may dictate 
iesser contrast values. While the teachings of the in- 
vention may be implemented by appropriate variation 
in such design considerations as disk radius, other 
considerations such as desire for smal. s,ze for con- 
sent integration, as we., as fabricate ease aH 
suggest values of contrast of a minimum of 1 3 or pre- 
ferably greater, e.g.. greater than 1 .5. This high index 
con Jslcoupled with sub-X thickness djmenston ef- 
fectively confines the active optical mode/s and is a 
KeyeaLe in assuring effective overlap withthe gam 
la7er (i.e., with the active region - generally the quan- 



tum well active region). . 

FIG 7 depicts one form of structure designed 
with a view to the above considerations. It provides 
for a disk 70 consisting of active region 71 sandwich- 
5 ed between spacer layers 72 and supported upon cyl- 
indrical pedestal 73 as fabricated from matenal .nitial- 
i y serving as an epitaxial growth substrate, for ^exam- 
ple, in accordance with a procedure outlined below. 

io Fabrication 

The device of FIG. 7, as used in Example 1. was 
fashioned from epitaxially-grown InP/lnGaAsP 
layered material. One such device consisted of a 
J6 100A thick quantum well layer 71 of InGaAs sand- 
wiched between 200A thick barrier layers 72 of In- 
GaAsP to result in a total disk 70 thickness of 500A. 
In other work, use was made of a 1 500A disk cons ist- 
inq of 6 such 100A active layers as separated by bar- 
2 o rier material. Initial growth was on an InP substrate 
part of which was retained upon etching to result in 
pedestal 73. Photolithographic techniques were used 
to pattern disks with diameters of 3pm, 5um and 
10um. An HCI solution was used to selectively etch 
25 substrate material while leaving the functional In- 
GaAs/lnGaAsP disk unetched. 

In a wording example the InP pedestal 73 retains 
a rhombus shape cross section as due to the amso- 
tropic nature of the HCI etchant One such pedestal 
30 was approximately 1pm in diameter and 2 pm in 
height, so leaving a peripheral region of radial dimen- 
sion = 1 nm within which index contrast is defined as 
between disk 70 and ambient - in the instance of Ex- 
ample 1 of ambient air. In another working example, 
35 such a structure was encapsulated in 0.5pm of Si0 2 
deposited by Chemical Vapor Deposition. 



Example 1 

A microdisk as described above, of diameter 
5um, was optically pumped with a HeNe laser oper- 
ating at X = 0. 63 while cooling with liquid nitrogen. 
The spectrum for the single quantum well structure 
lased at a center wavelength of 1 .3pm with a spectral 
linewidth of < 1A. The 1.3um laser spike rose above 
the broad photoluminescent background by a factor 
approaching 1 0x. . 

The threshold value for the structure of Example 
1 was below 200pW. Since the disk 70 has a volume 
of the order of 10-"crrr3. the pump power of the order 
of 1 milliwatt was equivalent to a power density in the 
disk which approached 10* watts cnr*. Heat sinking 
for the structure depicted in FIG. 7 was sufficient to 
prevent destructive temperature rise. 



The procedure of Example 1 was carried out for 
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aSmndiameter disk of thickness of 1500Acontaming 
6 quantum wells. Measured output laser power ^ap- 
proached 1uw for a pump power slightly below 
SOOnW. The spike intensity as coupled out vertically 
was more than 100x greater than the background 

^^MTcra-TaX^esign, depends, inter alia, on active 
region film thickness approximating one-quarter wa- 
velength X b (as measured in bulk material) - which 
Z leased to greater, still sub-X thickness to 
increase figure of merit accounting for imperfections 

Jef e Sty and sub-X thickness results in good 
matching efficiency between small gam volume and 
™gle optical mode to result in low power require- 
ment e.g. in low laser threshold. High ,ndex contrast 
deduces loss associated with penetrating field, and 
enhances mode selectivity. Designation of operating 
modes is yielded by solution of Maxwell's equations 
Tee ""example. J- D. Jackson. "Classical Electro- 
dynamics", John Wiley a Sons, New York (1975)). Im- 
portantly, functional layers less than W2n* « which 
rL is the effective refractive index for electromagnet- 
i/wave energy at the device operational wavelength, 
x a smea S ured y invacuum,su P porton.ythelowest or- 
der TE and TM guided waves. For thickness value of 
approximately M4iw» coupling to the TE mode dom- 
inates to such extent that interactions with TM waves 
as well as all unguided waves may be disregarded. 

Active Region - Conf juration. Dimensions 



Reference is made to FIGS. 1 through 6 in this 

SeC A cautionary note - it is convenient to discuss de- 
vices in terms of ray optics (in terms of particles rath- 
er than of more complex but accurate wave energy 
X ica. angles" for "total interna, reflection", as we 
as cavitation paths defined in terms of bounce points 
are usefully employed. Inaccuracies so mtroduced 
are of particular consequence forthe mvolved dimen- 
sions - of the order of whole and fractional wave- 

'^The polygonal path, simplistically representing 
the mode path, is generally discussed here in terms 
of Mi the "mode number" corresponding with the 
number of sides of the polygon. The more general 
mode number, M, corresponds with the number o un- 
dulations or oscillations in the mode path withou ref- 
erence to number of "bounces". (So, for example a 
four-sided polygon - M, = 4 - may correspond wrth . a 
path of a total of 8 undulations or one wave per side.) 

FIGS. 1 through 6 are generally illustrative of a 
larger variety of configurations. 

FIG 1 depicts a disk 10, having a smooth contin- 
uous curved edge 11. in this instance defining a c.r- 
cle The f igure is intended as representative of a sub- 
set of configurations defined by parallel planar sur- 



faces e.g., surfaces 12 and 13, at least over some rel- 
evant region of the device, with such planar surfaces 
being separated by the critical sub-wavelength di- 
mension 14, e.g. the usually preferred . 1/4 wave- 
s length discussed. This subset is of lateral configura- 
tion which may be circular as well as elliptical or irreg- 
ular shape. Dimensions and operating conditions are 
such as to result in cavitation defining octagonal path 
12 (M, =8). 

io FIG. 2 is a contour map including a quadrant of 

disk 20. representing positions of constant electro- 
magnetic field lines 21 , for such values within disk 20 
and lines 22 for such values relating to penetrating 
field within region 23 external to the disk. As depict- 
, 5 ed, maximum positive field values are positioned at 
hillocks or peaks 24 and maximum negative field val- 
ues are positioned at depressions 25. Accordingly, 
FIG 2 is representative of two undulations per quad- 
rant, or eight undulations for the entire disk, so cor- 
20 responding with an octagonal modal path such as 
path 12 of FIG. 1 in which each side of the path is 
made up of one full wave. Field portions represented 
by contour lines 22, in representing field penetrating 
to external region 23, are potential coupling areas but 
25 represent potential loss as well, e.g. as due to surface 
roughness-scattering as well as unintended coupling. 

FIG. 3 is representative of a subset of configura- 
tions again defined by parallel planar surfaces 30, 31 
of critical spacing as discussed, e.g. with regard to 
30 appropriate mode selection but, in this instance de- 
fined by a perimeter constituted of equal length flat 
faces 32. As in otherf igures, the configuration shown 
is intended as representative of a larger class - e.g., 
as constituted by polygons, irregular as well as regu- 
35 lar of lesser or greater number of sides Modal path 
33, shown as a broken line, is depicted as octagonal 
and to first approximation, is equivalent to modal 
path 12 defined within a circular version of disk 10 of 
FIG 1 Operationally, such a path 33 as def ined with- 
40 in a disk connecting positions 34 is equivalent to mod- 
al path 12 but for second order variations, e.g. with 
regard to loss or other implication of variation in mag- 
nitude of penetrating field as related to the lateral 
thickness of material encompassing path 33 particu- 
45 larly in proximity at positions 34. Representation is 
meant to include irregular as well as regular shapes 
so that, in this instance, sides 32 may be unequal in 
lateral dimension always providing for a predominant 
polygonal modal path, which while possibly of differ- 
so ing numbers of undulations for different path lines, is 
so designed as to minimize desired coupling and to 
minimize undesired coupling. An irregular polygonal 
shape may, for example, serve to accommodate an 
arrangement such as that of FIG. 11 - to provide for 
55 an irregular path of more nearly constant coupling in- 
dependence of the pedestal supports/electrodes 
shown. ,_ . „ 

FIG. 4 depicts a cavity configuration physically 
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differing but functionally similar to that of FIG. 1. Opt- 
ical spacing to accommodate the wh.spenng modes 
common to all embodiments of the mvenfon .s that 
between surfaces 40 and 41 , in this instance defining 
a smooth curved edge surface 42. Likely of little de- 
vice-function significance, although poss.bly involved 
in pumping - e.g. electrical or opt.cal. membrane 43 
LyTerve'for physical stabilization of the structure^ 
Edae 44 together with a possible mating edge on the 
underside of membrane 43, will be elemental in mode 
selection - will be of influence in select™ of a modal 
path of sufficient M, as to lessen energetical* unfav- 
ored field penetration. This figure is intended as rep- 
resentative of flat-sided (polygonal) as well as curve 
sided structures, both of regular or .rregular conf .gur- 

atl °FIG 5 is representative of a class of embodi- 
ments similar to that of FIG. 4 but depending upon 
modal path selection/containment within a perimeter 
Jeqion of varying thickness. The specific example 
shown depends upon a functional region 50 of gener- 
al circular cross-section as defined by surface 5^ 
Again, structural rigidity is afforded by membrane 52 
forming a continuum within the enclosed portion of 
reoTon 50. Dimension 53 is relevant, e.g. from the 
standpoint of confinement, consistent with the inven- 
tive thrust - for a preferred embodiment is * W4 n* 
Aqain as in FIG. 4, the lateral dimension of region 50 
is determinative of mode selection and, if of sub-wa- 
velength dimension as discussed, may additionally 
offer useful conf inement as well. 

FIG 6 depicts a configuration alternate to FIG. 
5. .t depends upon a membrane 60 for stabilization of 
a modal path region 61 of cross section defined by 
surfaces 62-65. As with other configurations depict- 
ed the category represented may be of regulars- 
regular shape, may be defined by curved or faceted 
surfaces The particular triangular cross-sect.on 
shown is usefully employed for more specific mode 
selection for given dimensions. 

While a significant advantage of the inventive ap- 
proach as compared with that of the SEL involves en- 
plane emission to facilitate coupling with othe ^ ele- 
ments of an IC, it is useful to prov,de for out-of-plane 
emission as well. FIG. 8 depicts a disk 80 defined by 
pILr surfaces 81 and 82 within circular penmeter 
83 Grooves 84 are designed to couple a part of cav- 
itaiing energy, notshown out-of-plane. In this version, 
whispering mode structures of the invention may 
Te ve in the manner of the familiar SEL, for example, 
fn chip-to-chip communication. For cavitating energy 
in a cLkwise direction, out-of-plane direction ,s de- 
termined by the angle of groove sides 85 as coupled 
with index contrast. In an alternative approach coun- 
Te clockwise cavitation may result in out-of-plane 
emission by virtue of simple reflectivity of groove sur- 
ges 85 - perhaps as effected by use of mirror lay- 
er/s, not shown. 



FIG. 9 depicts a disk structure 90 in proximity with 
path member 91 , so positioned and of such interspac- 
ing as to provide for in-plane coupling. Experimental 
work including that reported in Examples 1 and 2 has 
5 involved light pumping. A number of considerations 
including ease of fabrication dictate this approach 
and it is likely that it will continue to define an area of 
consequence. On the other hand, the inventive pnn- 
ciple. in being generically based, upon whispenng 
,o mode operation in critically thin structures, is not so 
limited. Principle of operation is applicable to the va- 
rious pump arrangements that have been found or 
may be found functional. For many purposes, direct 
electrical pumping continues to be desirable - may 
is justify fabrication complications which are aggravat- 
ed at the small dimensions contemplated. 

FIGS 10 and 11 depict electrically pumped lasers 
otherwise in accordance with the foregoing. In FIG. 
10 the disk structure 100, which may take any of the 
20 forms described, is now electrically pumped by 
means of straddling electrodes 1 01 and 1 02 shown as 
biased via circuit 103 as powered by power source 
104 This structural approach may find favor in that 
the electrodes may serve as physical support for one 
25 or both sides of disk 100. Either or both of the em- 
bracing electrodes 101 and 102 may be formed by se- 
lective etching from a growth substrate as discussed 
in fabrication of pedestal 73 of the structure o FIG. 
7 Addition of dopant, e.g.. to the InP - likely into the 
30 entirety before etch-definition - may be desirable to 
lessen series resistance. Since now forming a junc- 
tion - likely a pn junction - conductivity-imparting do- 
pant will be significant dopant, in one instance, n-ty- 
pe - in the other, p-type. Specific design parameters 
35 with a view to electrical pumping are not properly 
within the province of this description and are well 

FIG 11 describes an electrically pumped disk 
structure 110 alternative to that of FIG. 10. In this ar- 
40 rangement, positive and negative electrodes 111 and 
112. respectively, powered by dc current source 113 
via leads 114. are affixed to a common plane 115 of 
disk 110 Spacing and, more generally, positioning of 
electrodes 111 and 112 are such as to provide for a 
45 peripheral cavitation path of desirable independence 
of the electrodes and. if surface is of roughness to re- 
sult in performance-significant, unwanted scattenng. 
of peripheral surface 116. Regardless of configura- 
tion - whether smooth or faceted - design optimiza- 
50 tion may result in a disk 11 0 of a greater major dimen- 
sion in the direction defined by the electrodes. The re- 
sulting oval or irregular polygonal conf iguration may 
better provide for lessening of unwanted coupling be- 
tween cavitating energy and the electrodes. Alterna- 
55 lively, such electrode/s may serve as well for coupling 
of emitting energy. 
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Other Considerations 

The invention has been described in terms suff i- 
■»nt t« those of requisite skill in the art Expenmen- 
^ U observL rsign/materia, implications have 5 
been set forth where relevant to matters under dis- 
cussion Additional observations are bnefly noted. 

t has not been considered appropriate to exhaus- 
tively describe presently available suitable active ma 
Ss in general, materia, choice is w.th regard to the 10 
same considerations as applied to earlier laser struct 
tures Choice is accordingly on the bas.s of desired 
wavelength of operation with a view to a vanety -of 
other matters, most importantly with regard to fabn- ^ 

^Selected pump power may serve to favor a par- 
ticular desired mode. In certain expenments, for ex- 
ample it was found that decreasing pump power 
device operating above lasing threshold of ten result- 
fd in mode switching- in the instance of Surname- 20 
ter disks, in switching by 0.06^m. This is consistent 
with a whfspering mode having a modal number M 
^8 The lowest loss modes for this structure appear 
to have a radial mode number N =4. The mode so de- 
tned has a maximum energy modal path which .s suf- 25 
cfently separated from the outer edge to lessen oss 
due 0 urface scattering. In addition separat.cn from 
the pedestal is sufficient to prevent significant un- 
wanted coupling. »n this connection, it has been ob- 
Served as expected, that coupling, and therefore so 
surface emission, emanates from the two points of 
the r hombus-shaped pedesta. most distant from the 
center of the disk. 



! Apparatus comprising at least one element fo 
" providing electro-magnetic em.ss.on. at least 
°0% of which may be regarded as coherent, such 
emission being responsive to provided means ; for 
pumping, said element provid.ng for cav.tat.on of 
Komagnetic energy to be emitted with capta- 
tion being primarily dependent upon whispering 
Story moL in accordance with which modal 
path is defined within a body of high refractrve .n- 
dex for such energy relative to refractive index of 
surrounding ambient at an interface between 
such body and ambient, such path being polygo- 
nal and of atleastthree sides with retent.on be.ng 
primarily due to incidence of cavitating wave en- 
ergy at or below the critical angle defined at such 

'"^CHARACTERIZED IN THAT 

the said element, at least over region cor- 
responding with a substantial portion of such 
cavitation path, is of a normal d.mension. as 
measured norma, to such path, of a maximum of 



\l2n«t in which X is the wavelength of cavitating 
energy as measured in a vacuum and n^ is the 
actual refractive index for such cavitating energy 
such value accounting both for variation in bulk 
index for the medium of the body and for such va- 
riation on such bulk index as is introduced due to 
constraining surfaces, and in which such inter- 
face is of refractive index contrast for cav.tat.ng 
energy which is numerically equal to at least 1.5. 
such value yielded by the fraction n^n* in which 
ne„ is the effective refractive index for cavitating 
energy within the said body and n s is the refrac- 
tive index for such energy outside the def ining in- 
terface of such body. 

2 Apparatus of claim 1 in which the said normal di- 
mension approximates the value W4 n*,. 

3 Apparatus of claim 1 in which a substantial por- 
tion of such cavitation path is within a region in 
the said body defined by plane parallel flat inter- 
faces. 

4 Apparatus of claim 1 in which such cavitation 
path is within a peripheral region of the said body 
and in which such peripheral region encloses an 
inner region which is substantially thinner than 
the said normal dimension. 

5 Apparatus of claim 1 in which the said element is 
of maximum dimension of the order of microns. 

6 Apparatus of claim 1 in which such element de- 
signedly attains lasing threshold in operation. 

7 Apparatus of any of claims 1 -6 in which the said 
cavitational path defines a polygon of at leastfour 



8. Apparatus of claim 1 together with means for cou- 
pling emitted energy. 

9. Apparatus of claim 8 in which such means pro- 
vide for in-plane coupling. 

10. Apparatus of claim 9 in which coupling includes a 
gap intermediate said element and the defined 



so 11. Apparatus of claim 8 in which such means pro- 
vides for out-of-plane coupling. 

12 Apparatus of claim 11 in which such means en- 
tails at least one physical groove on a lateral sur- 
55 face of said body. 

13. Apparatus of claim 12 in which such means en- 
tails a plurality of such grooves. 
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14. Apparatus of claim 1 comprising an integrated cir- 
cuit. 

15 Apparatus of claim 14 in which said integrated cir- 
* cuit includes a plurality of said elements. 

16 . Apparatus of claim 1 5 in which said integrated cir- 
cuit is opto-electric. 

1 7 Apparatus of claim 1 6 in which said integrated cir- 
' cult includes means for pumping said elements. 

18 Apparatus of claim 17 in which said means is opt- 
ical and is provided by a laser pump. 
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FIG. 6 
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FIG. 10 ^_ 





13 



EP 0 533 390 A1 



3 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



EP 92 30 8208 
Page 1 



nOCUMENTS CONSIDERED TO BE RELEVANT 




Category 


Citation of document with indication, where appropriate, 
of relevant passages 




CLASSIFICATION OF THE 
APPLICATION Oat. CLS ) 


D, A 


ELECTRONICS LETTERS. 

vol. 26, no. 25, 6 December 1990, 

STEVENAGE, GB 

pages 2095 - 2097 

T. KRAUSS ET AL. 'CW operation of 

semiconductor ring lasers' 

* the whole document * 


1,6,8,9, 
14-16 


H01S3/083 
H01S3/094 
H01L27/15 
H01L33/00 


A 


APPLIED PHYSICS LETTERS . 

vol. 36, no. 8, 15 April 1980, NEW YORK US 

pages 629 - 631 

I. URY ET AL. 'Whispering gallery on 
semi -insulating GaAs substrates' 
* the whole document * 


1,6, 
14-16 




A 


PROCEEDINGS OF THE 5TH EUROEAN CONFERENCE 
ON INTEGRATED OPTICS, 26-28 APRIL, 1989, 
PARIS, FRANCE 
pages 9-13 

ANDRZEJ F. JEZIERSKI ET AL. 
•Polyimide-embedded semiconductor ring 
lasers' 

* paragraph 1 -paragraph 2; figure 1 
US-A-3 248 671 (FREDERICK H. DILL ET AL.) 

* column 5, line 50 - column 6, line 22; 
figures 4,5 * 


14-16 








TECHNICAL FIELDS 
SEARCHED (Int. CLS ) 


A 


1,3,6, 
7-9 


H01S 
H01L 


A 


DE-A-1 514 507 (SIEMENS AG) 

* page 5 - page 7; figures 1,2 * 


1,6-9,11 




A 


DE-A-3 802 404 (LICENTIA 

PATENT-VERWALTUNGS-GMBH) 

* column 2, line 25 - column 3, line 16; 

figures 2A-C * 

-/" 


1,6,8,9 




The present search report has been drawn up for all data* 
. , -» 1 Da* *f oitUki •» Ik Mnfc 







THE HAGUE 



24 NOVEMBER 1992 



GNUGESSER H.M. 



CATEGORY OF CITED DOCUMENTS 

x : nrticulariy relevant M taken alone 

Y : oartiailariy relevant H combined nth another 



uaderlviai 
meat, hat 



EP 0 533 390 A1 



J) 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Knaker 

EP 92 30 8208 
Page 2 



DOCUMENTS CONSIDERED TO BE RELEVANT 



of refcvant p 



re appropriate, 



APPLIED PHYSICS LETTERS. 

vol. 60, no. 3, 20 January 1992, NEW YORK 
US 

pages 289 - 291 

S.L. MCCALL ET AL. 'Whispering-gallery 
mode microdisk lasers' 
the whole document * 



1,2,3,5, 
6,14-16, 
17,18 



Tbc present search report has been *awn up for all d 



THE HAGUE 



24 NOVEMBER 1992 



GNUGESSER H.M. 



CATEGORY OF CITED DOCUMENTS 
: : pmrrJcululy 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 



bU FADED TEXT OR DRAWING 

□^BLURRED or illegible text or drawing 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 



W LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: : 



IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 





\ 



